In this article a strategy is proposed for the design of low toxic, room temperature liquid low-melting mixtures (LMMs) which are entirely composed of natural materials. From literature it is well known that, in general, deep eutectic solvents based on choline chloride and dicarboxylic acids are LMMs, but not liquids at room temperature, with one exception: a 1 : 1 molar mixture of malonic acid and choline chloride. Therefore, the starting point of this study was the decrease of the melting point of one of the components, namely the dicarboxylic acid, which is succinic, glutaric or adipic acid. For this purpose, one of the two protons of the acidic group was exchanged by a bulky unsymmetrical choline cation.
Introduction
Interesting deep eutectic solvents (DESs) and low-melting mixtures (LMMs) are obtained by mixing two or three cheap, biodegradable and low toxic solids (sometimes also a liquid and a solid) to form a new liquid phase with a melting point lower than the melting points of the single components. [1] [2] [3] [4] [5] [6] [7] This liquid phase is generated by strong and particular association of the substances through hydrogen bonds. 1, 4, 5 The main advantages of DESs can be found in the easy tuning of their physico-chemical properties by simply changing either the components involved or the applied mixing ratio. 1, 4, 5 They are promising new liquids to replace toxic ionic liquids (ILs) or common organic solvents in applications, e.g. in pharmaceutical formulations, 8 dissolution or treatment of biomass, 3, [9] [10] [11] etc. 1, 2, 12 The first deep eutectic mixture without a metal salt mentioned in the literature was a blend of choline chloride and urea in a molar ratio of 1 : 2. 5 The freezing point of this mixture was determined to be 12 1C, being substantially lower than the melting points of both pure substances (urea: 133 1C and choline chloride: 302 1C). From these experiments it was deduced that hydrogen bonds, being formed between urea and the chloride anion, are mainly responsible for the observed decrease of the freezing point. 5 In addition, mixtures of thiourea with oxalate anions show the same behavior. 13 Conductivity and viscosity data of choline chloride with urea reveal that the choline chloride is completely dissociated and the ions move independently. 4, 5 Due to these advantageous properties, the use of such mixtures opens the possibility of replacing toxic imidazolium ionic liquids by more sustainable compounds. 1, 5 Another interesting work focuses on the formation of (highly viscous) DESs from dicarboxylic acids and choline chloride. 4 As for all DESs, the fluidity was found to be linked to the size of the mobile species as well as to the size of the holes allowing the mobility. 4 Further, analysis unveiled that one chloride ion is complexed by two carboxylic acids, resulting in the delocalization of charge and, thus, in a depression of the freezing point. 4 However, apart from equimolar mixtures of choline chloride and malonic acid, most DESs containing choline chloride and dicarboxylic acids are solid at room temperature. 4 As a consequence, a novel strategy is applied in the present work to take a step forward towards new, room temperature liquid DESs or LMMs composed of natural products.
In the first step, one proton of the used dicarboxylic acids (succinic, glutaric and adipic acid) was exchanged by a bulky choline cation in order to lower the melting point of the acidic component in analogy to choline carboxylates. 14, 15 In this way, indeed ILs were successfully generated. However, their melting points were still above room temperature. In order to further decrease the melting point of the choline dicarboxylates and to destroy the hydrogen bond network, choline chloride was added. Moreover, the influence of the addition of urea, a strong hydrogen bond donor, to the mixtures was investigated. The density, viscosity and conductivity behaviours were studied.
The components of the LMMs are low toxic and of biological origin. Choline chloride is biocompatible and known as a former vitamin B 4 . It has some important key functions in the human body, e.g. as a precursor for phospholipids and acetylcholine. 16 Further, glutaric acid is contained in natural food products and fruits. It also has a high bacteriostatic activity and is metabolized very rapidly in the human body. 17 Urea is highly water soluble and not toxic to the human body. It is produced in the body in mammalian metabolism and even salvaged due to the metabolic activity of the colonic microflora and, thus, further used in the body. On the other hand, it can be easily excreted in the urine. 18 Choline dicarboxylate ILs, namely choline succinate (ChdiC 4 ), choline glutarate (ChdiC 5 ), choline adipate (ChdiC 6 ), and the above mentioned LMMs were characterized by thermogravimetric and differential scanning calorimetric measurements. The temperature dependent viscosities, conductivities and densities of all prepared LMMs were measured in the temperature range between 25 and 85 1C. Further, a Walden plot was drawn to compare the produced ''ILs'' with classical ones.
Finally, three different choline containing surfactants (choline dodecylsulfate, hexadecylsulfate and oleate) were solubilised in the LMMs in order to check potential structuring by means of small and wide angle X-ray scattering experiments.
Experimental

Chemicals
Adipic acid, glutaric acid and succinic acid were all purchased from Alfa Aesar and had a purity of Z99%. Choline chloride (ChCl) (purity Z 98%, Sigma Aldrich), urea (molecular biology grade, Serva) and 80 wt% aqueous choline bicarbonate solution (Sigma Aldrich, stored at 2 1C to avoid decomposition and without stabilizer) were used.
Synthesis
Choline dicarboxylates (ChdiC m ) with m = 4 (succinate), 5 (glutarate), and 6 (adipate) were synthesized according to the synthesis route of Petkovic et al. with minor modifications. 19 To the equimolar amount of dicarboxylic acid, aqueous choline bicarbonate solution was added dropwise. In contrast to the synthesis of Petkovic et al., 19 the IL was lyophilized and then dried for more than two weeks using a high vacuum pump. No heating was done during this procedure to avoid decomposition of the choline cation.
LMMs were prepared in a glove box under a dry nitrogen flow atmosphere to exclude contamination with traces of water stemming from air humidity. Four LMMs with different compositions were prepared. Compositions and abbreviations can be seen in Table 1 . The mixtures were stirred for 24 hours at 60 1C until a viscous clear liquid was obtained. Subsequently, all mixtures were post-dried for one week in a high vacuum.
The water content is listed in the ESI. † Only LMMs containing choline glutarate were investigated in the frame of this work because from pretests it was observed that the mixtures of choline glutarate-choline chloride with 95 wt% to 98 wt% of choline glutarate are liquid at room temperature and possess the lowest freezing points compared to other compositions. Further, small amounts of urea were used. Larger quantities of urea were not solved completely. The formulae of all components are given in Fig. 1 .
Thermogravimetric analysis (TGA)
The decomposition temperatures (T dec ) of the ILs, ChdiC m with m = 4, 5, 6, and the LMMs were measured by means of a thermogravimetric analyzer (TGA7, Perkin-Elmer) in a temperature range of 30 to 300 1C and 30 to 400 1C, respectively. All measurements were performed under constant nitrogen flow and at a heating rate of 10 K min À1 . Decomposition temperatures were determined from the onset of mass loss derived from the intersection of the baseline before thermal decomposition with the tangent during mass loss.
Differential scanning calorimetry (DSC)
Melting points, glass transition temperatures T g as well as freezing points T f of the ILs, ChdiC m with m = 4, 5, 6, and LMMs were analyzed by means of differential scanning calorimetry using a DSC30 (Mettler) in a three-cycle mode, at a heating rate of 1 K min À1 . Samples were prepared in a glove box under a nitrogen atmosphere and sealed in aluminum pans. Measurements were performed under a nitrogen atmosphere by continuously flushing the instrument with nitrogen to avoid contamination with water. Examined temperature ranges were À80 to 95 1C and À80 to 25 1C for ILs and LMMs, respectively. In the case of the LMMs, no glass temperatures or freezing points were determinable within the examined temperature range. Therefore, attempts were made to manually evaluate the crystallization points of the LMMs by continuously cooling down the four different LMMs from 25 to 4 1C at a heating rate of 1 1C per 30 minutes before subsequent storage at À18 1C for several days.
Density
Densities (r) of LMM1, LMM1Urea, LMM2, and LMM2Urea were determined from 25 to 85 1C by using a vibrating tube densimeter (DMA 5000M, Anton Paar). Received densities were used for the calculation of molar concentrations and molar volumes (V m ), necessary for the determination of the equivalent conductivity L m . The uncertainty was calculated to be AE0.0001 g cm À3 .
Conductivity
Temperature dependent specific conductivities k were measured at different temperatures from 25 to 85 1C, using a custom-designed apparatus, composed of a precision thermostat, a sine generator, a symmetrical Wheatstone bridge with Wagner earth and a resistance decade. 20,21 Temperature control was achieved using a combination of a homebuilt precision thermostat and a commercial thermostat (Julabo FP40), yielding a temperature stability of AE0.01 1C. Samples were stored under a nitrogen atmosphere in capillary cells, each of them containing a three-electrode setup. The cell constant a was 34 cm À1 . The electrical resistance was recorded at frequencies ranging from 100 to 10 000 Hz. To eliminate disturbing effects caused by electrode polarization, the resistance R was extrapolated to R N = lim n-N R(n). 20 Specific conductivities were calculated according to k = a/R N . The temperature dependence of the cell constant was determined to be negligible 22 and the uncertainty was estimated to be o1%.
Viscosity
Temperature dependent viscosities Z were measured using a Bohlin rheometer (CVO 120 High Resolution) with a plate/plate geometry (P20mm). The instrument was equipped with a temperature control unit, allowing the investigation at different temperatures (25 to 85 1C). Shear rates were varied between 0.00375 s À1 and 262 s À1 . Results show that all LMMs are Newtonian fluids, having a constant shear stress to shear rate behaviour at all examined temperatures. In addition, all experiments were performed under an argon atmosphere. The uncertainty of about 1% was taken into account and the instrument was calibrated with calibration oil recommended by Bohlin instruments.
Small and wide angle X-ray scattering (SAXS/WAXS) X-ray scattering measurements were performed at the Institut de Chimie Séparative de Marcoule (France). The X-ray radiation was generated by a sealed molybdenum tube with a wavelength of l = 0.71 Å. The tube was mounted on a bench built by XENOCS. A large two-dimensional automatic image plate system (MAR Research 345, diameter: 345 mm) is used for the scattered beam detection. The pixel resolution of the system was 150 Â 150 mm. The different samples were assembled in 3 mm thick aluminium cells, which were sealed with Kapton foil of 25 mm thickness. The measurements were conducted at temperatures ranging between 25 and 70 1C with DT = AE2 1C. Two-dimensional spectra were integrated with the FIT2D software. Azymuthal integration was performed to obtain the scattering intensity as a function of the scattering vector q (= (4p/l)Ásiny/2; with 2y being the scattering angle). Acquisition time for each sample was 3600 seconds. Further, 2 wt% of the surfactant in LMM1Urea was investigated. Choline dodecylsulfate, choline hexadecylsulfate and choline oleate were used as surfactants. To obtain the absolute intensity of the spectra of LMM1Urea, the intensity of the empty cell was subtracted from the LMM1Urea spectra. To get absolute intensities of the solutions containing the surfactant, the scattering contributions of the empty cell and of the pure solvent LMM1Urea were subtracted from the spectrum of 2 wt% surfactant in LMM1Urea, taking into account the transmission factors and volume fraction.
Results and discussion
Decomposition and melting/crystallization temperatures
The thermal decomposition of pure choline dicarboxylates, ChdiC m with m = 4, 5, 6, is a single step decomposition. Increasing decomposition temperatures were observed with increasing chain lengths, however, not showing any linear correlation. The observed decomposition temperatures (T dec ) of the LMMs are altogether above those of the pure ILs. While thermal decomposition of the LMMs not containing urea proceeds in a singular step, a two-step mechanism is observed for LMMs prepared with urea. In the latter case, the decomposition of urea takes place in the temperature range between around 160 and 250 1C according to the literature, 23, 24 while LMMs start to decompose at the temperature given in It is assumed that the bulky and unsymmetrical structure of the choline cation hinders the arrangement of regular packing and, thus, lowers the melting temperatures of the choline dicarboxylates. It is known that hydrogen bonds between the organic salt and the hydrogen bond donor cause charge delocalization and depression of the melting point. 4, 5 In this work, we take advantage of this phenomenon for the synthesis of LMMs. Choline glutarate, serving as the hydrogen bond donor, forms a complex with chloride ions (LMM1 and LMM2). Charge is delocalized and results in a decrease of the melting point of the mixture compared to the pure substances. No stable, long-term liquid room temperature LMMs were observed for mixtures of choline succinate and choline adipate with choline chloride. In the frame of this work, the influence of urea, representing another type of hydrogen bond donor, was also tested. DSC measurements performed for the determination of glass and freezing temperatures at a heating rate of 1 K min À1 and a temperature range of À80 to 25 1C were not successful. The following experiments show that the heating and cooling rate of 1 K min À1 was too fast to start the crystallization process at À18 1C. During a manual and non-automatized investigation LMM1 remains liquid at temperatures of À18 1C for a period of 3 days; afterwards it tends to crystallize. Similar results were obtained for the LMM2 system, where crystallization commences after storage at À18 1C for 7-8 days. In contrast to these systems, LMM1Urea and LMM2Urea provide higher liquid phase stabilization. After eight weeks, crystallization occurred for LMM1Urea and LMM2Urea. From all recorded data it can be concluded that the addition of urea successfully delays the crystallization processes in the examined LMMs at À18 1C.
Density
As expected, all examined LMMs possess densities higher than water. 1 In general, one should assume that densities of the DESs or LMMs tend to increase with increasing fractions of choline chloride. However, this assumption could not be confirmed for the urea-free LMMs, because the difference in the amounts of choline chloride used in LMM1 and LMM2 is too small. 1 While the molar ratio between choline glutarate and choline chloride remains the same in both LMM1/LMM1Urea and LMM2/LMM2Urea systems, only urea was added in a molar ratio of 1 : 2 for choline chloride/urea. 5 Taking into account the hole theory, which is used to explain the conductivity behavior and packing in DESs, 1,4 the average hole radius decreases by introducing urea to the mixtures, therefore, leading to a density increase. 1 The results are depicted in Fig. 2 .
Conductivity
Specific conductivities, measured for the four LMMs in the temperature range from 25 to 85 1C, were found to vary between 0.01370 mS cm À1 and 0.70226 mS cm À1 , thus being in accordance with the conductivity values typically found for ILs. 26 However, compared to imidazolium ILs the conductivities of the presently studied systems are lower to some extent. 27, 28 Higher conductivities were also reported for DESs composed of dicarboxylic acid and choline chloride in different ratios 4 as well as for mixtures of urea and choline chloride. 1 However, obtained values agree well with results described for the choline oligoether carboxylate IL (Ch-TOTO). 29 Specific conductivities of LMM1, LMM1Urea, LMM2, and LMM2Urea were found to be temperature dependent.
As seen in Fig. 3 a linear correlation exists between the natural logarithm of the specific conductivity k and the reciprocal temperature. Consequently, the Arrhenius eqn (1) 4,30,31 can be used as a fitting equation, but the Vogel-Fulcher-Tammann (VFT) eqn (2) 14, 32 is also suitable for the evaluation of the temperature dependent changes in conductivities:
For the Arrhenius model a temperature independent activation energy of conductivity E L is assumed, while the Vogel-Fulcher-Tammann model proposes a temperature dependent activation energy E LVFT . 32 T 0k represents the ideal glass temperature. 14, 32 However, both models are of empirical nature and can be used as fitting models for the purpose of this study. The Arrhenius model is thereby preferred because the introduction of a further variable in the fitting process (T 0k ) seems to be unnecessary. Nevertheless, both models were applied to allow comparison of the data with the choline oligoether IL reported previously. 14 Values obtained from the two fittings for the activation energies are shown in the ESI. † The activation energy of the conductivity does not depend on the small amount of choline chloride or urea used in the LMMs, and measured conductivities of all compositions were basically the same. Activation energies are comparable with the one observed for the deep eutectic mixture of succinic acid and choline chloride (E L = 54.3 AE 4.1 kJ mol À1 ). 4 The activation energies of malonic acid (E L = 29.0 AE 1.2 kJ mol À1 ) and oxalic acid (E L = 34.6 AE 1.5 kJ mol À1 ) with choline chloride are lower according to the smaller size of the molecules and increasing charge per molecule. 4 Also the choline oligoether IL Ch-TOTO shows a much smaller activation energy E LVFT = 8.7 AE 0.1 kJ mol À1 as found here. 29 
Viscosity
Temperature dependent viscosities, obtained for the LMMs from dynamic viscosity measurements, shown in Fig. 4 , are influenced by the amount of choline chloride as well as by the amount of urea in the mixtures. Viscosities of the LMMs were found to significantly increase with increasing quantities of hydrogen bonds present in the mixtures. 1 As a consequence, the viscosity decreases with increasing amounts of choline chloride. In addition, a further increase in viscosity is observed when urea, representing another hydrogen bond donor, is added to the system. In general, viscosity changes are quite small between the different mixtures due to the small changes in the ratios between the different components in the LMMs.
Walden plot
The interplay between the molar conductivity, also represented by the ion mobility, and the fluidity, reciprocal viscosity, can be seen in the Walden plot (see Fig. 5 ).
The Walden plot is a useful tool to compare ILs with the LMMs and to determine the ion association. 4 The Walden plot was used by Angell and coworkers to characterize ILs according to their degree of ionicity. [33] [34] [35] They used this plot to categorize ILs as ''good'' or ''poor'' ionic liquids, ''superionic'' liquids and so on. 34 The theory is based on Walden's observation 27, 29 that the equivalent conductivity of a strong electrolyte in aqueous solution is inversely proportional to the viscosity. The equivalent conductivity and inverse viscosity are influenced by temperature in the same way. 27, 29 According to Angell et al. it is possible to give a statement about the cation and anion association by the use of the Walden rule. 33, 36 The black line in Fig. 5 has a slope of 1 and marks the region of fully dissociated salts like a dilute solution of 1 M KCl. 26, 27 This means that ions in solution are able to move independently of their ambient ions. Angell et al. introduced the DW value, the vertical deviation to this ideal line, to characterize ILs according to this value. In this context, ''good'' ILs are fully dissociated and show a DW o 1. ILs with DW = 1 exhibit only 10% of the ionic conductivity as would have been expected at the ideal line of 1 M KCl. 28 Points depicted in Fig. 5 represent the temperature dependent molar conductivities and fluidities of LMM1, LMM2, LMM1Urea and LMM2Urea, being visibly very close to the ideal line of the Walden plot. All points show a vertical deviation which is smaller than 0.25. Consequently, choline chloride and choline glutarate are fully dissociated in the LMMs and behave like ''good'' ILs, and none or only a few ion pairs are expected to exist in the examined mixtures.
However, we are aware that this plot does not allow us to draw a quantitative conclusion about ion dissociation. To do this, the best way would be to measure independently diffusion coefficients. An alternative has been proposed by MacFarlane et al. by also considering the ionic radii. 35 We generated them using ChemDraw and made a new corrected Walden plot in line with the suggestion by MacFarlane et al. As can be seen in Fig. 6 , this plot leads to significantly lower points suggesting that at least the urea-free mixtures are partly associated. Surprisingly, the addition of urea slightly increased electric conductivity. This may hint at a different charge transport, perhaps proton hopping involving urea molecules or simply urea increasing ion dissociation by specific interactions. However, for the moment this remains speculation and even a detailed MD simulation would not deliver an unambiguous answer. In our opinion, only the determination of the urea dissociation constant would help us to check this possibility. However, this is a difficult task in such complex and highly charged systems and out of the scope of the present work.
X-ray characterisation
The system of LMM1Urea with and without surfactant was analysed with X-ray scattering experiments. The results are depicted in Fig. 7 and 8 .
No temperature dependent behaviour of the SAXS and WAXS spectra was found and also no self-structuring of the pure LMM was observed. This observation is in good agreement with the assumption that DESs and LMMs are non-volatile and show very small isothermal compressibilities. This can be assumed taking into account the absolute intensity at q = 0 and bearing in mind that the absolute intensity I(q = 0) is directly proportional to the temperature T and the isothermal compressibility w T (I(q = 0) B TÁw T ). 37 
Dissolution of choline surfactants in LMMs
Having prepared ''green'' DESs and LMMs, several questions arise. Is structuring possible in these mixtures? Can they be used to dissolve biomass, especially biopolymers? Is it possible to use them in formulation? Dissolution of cellulose was found to be impossible, as it seems that the hydroxyl groups of choline are linked to cellulose due to hydrogen bonds, thus stabilizing the cellulose system. 38 A promising formulation could be the dissolution of choline surfactants in DESs or LMMs. Therefore, 2 wt% of choline dodecylsulfate, hexadecylsulfate or oleate was dissolved in the four examined LMMs. At room temperature, surfactant crystals remain solid in the observed systems. Upon heating to 50 1C, the mixtures containing 2 wt% choline dodecylsulfate became transparent and no birefringence was observed during microscopical analysis with crossed polarisers. In contrast, no complete dissolution of the surfactant was observed at temperatures up to 90 1C for mixtures containing 2 wt% surfactant either choline oleate or choline hexadecylsulfate.
As shown in Fig. 8 , weak reflections are found in the WAXS region and prove the existence of a crystalline substance at temperatures below 50 1C. In the SAXS region, a defined peak at 3.07 nm À1 was observed. This can be due to a d-spacing relative to the alkyl chain length of the surfactant, which, according to Tanford, has a chain length of 17 Å. 39 The SAXS spectra of 2 wt% choline hexadecylsulfate and choline oleate in LMM1Urea (not shown here) showed defined reflections at 2.51 nm À1 or 1.51 nm À1 , resulting from the alkyl chains of the surfactants. Obviously, only choline dodecylsulfate dissolves sufficiently and is capable of forming aggregates in LMM1Urea.
To evaluate the size and shape of the aggregates, higher scattering intensities and even lower q values are necessary. Therefore, the use of synchrotron radiation is essential for the analysis of this system. In summary, it was nevertheless demonstrated that formation of aggregates is possible in these LMMs.
Conclusion
A two-step strategy to form green room temperature liquids containing low toxic dicarboxylic acids is presented within this work. In the first step, hydrogen bond networks, usually existing in systems of pure dicarboxylic acids, are simply destroyed by quantitatively exchanging protons of one carboxylic group by choline cations, resulting in significantly lowered melting points. The remaining second protonated carboxylic group is still capable of forming hydrogen bonds, thus leading to a delocalization of the charge in the examined mixtures. In the second step, the choline dicarboxylate IL was mixed with choline chloride to destroy the hydrogen bond network in the choline dicarboxylate.
This two-step strategy towards ''green'' LMMs was found to work especially well when using glutaric acid resulting in a highly viscous (but liquid) LMMs at room temperature. The disadvantages of the LMMs synthesized within the frame of this work are their observed high viscosities and low conductivities. In addition, it was demonstrated within this study that the addition of a second hydrogen bond donor (urea) also has a strong influence on the viscosity of choline glutarate-choline chloride LMMs. Increasing viscosities were observed upon increasing amounts of the second hydrogen bond donor. Partly associated anions and cations were observed in the examined LMMs, at least in the mixtures without urea, as inferred from the modified Walden plot. It was further demonstrated that choline dodecylsulfate is capable of forming aggregates in LMM1Urea.
In view of possible applications for the examined LMMs, observed high viscosities of these mixtures strongly limit their potential suitability for electrochemical applications. On the other hand, one might indeed think of their potential use in formulations for pharmaceutical issues, as the examined systems are advantageous in terms of their easy preparation. Even the ILs show an easy and cheap synthesis route. Their non-toxicity and their biological origin further allow easy decomposition by the human body. One possible application even due to their low oral toxicity could be their use as carriers in pharmacokinetic studies on mice or rats to increase the admittance of scarcely soluble substances in water. This application was already approved as possible for choline chloride-urea mixtures and mixtures of malonic acid with choline chloride. 8 
